A novel actinomycete, designated strain 1H-SSA4 T , was isolated from the head of an ant (Camponotus japonicus Mayr) and was found to produce angucyclinone antibiotics. A polyphasic approach was used to determine the taxonomic status of strain 1H-SSA4
Actinomycetes, especially those belonging to the genus Streptomyces, are known to produce a number of secondary metabolites that often possess pharmaceutical activities [1] [2] [3] [4] . However, traditional microbial sources for secondary metabolites (e.g. soil actinobacteria [5] ) now more frequently lead to the rediscovery of already known compounds than to the discovery of structurally novel compounds [6] [7] [8] . In contrast, identifying novel microbial sources and characterizing their secondary metabolites has the potential to reduce the risk of rediscovery and increase the chances of obtaining novel compounds [9] , and yet insect-associated actinobacteria represent unexplored sources for the discovery of novel natural products [10] [11] [12] . Therefore, a programme was carried out to discover actinobacteria producing natural products from ants. Strain 1H-SSA4
T was isolated from the head of Camponotus japonicus
Mayr, a species of ant. In this study, a polyphasic taxonomic analysis was performed on strain 1H-SSA4 T and this strain is proposed to represent a novel species of the genus Streptomyces. In the further investigation of chemical components from the broth of this strain, three known angucyclinone antibiotics were isolated.
Strain 1H-SSA4
T was isolated from the head of a C. japonicus ant collected from Northeast Agriculture University (Harbin, Heilongjiang, China). C. japonicus individuals were caught under a pine tree adjacent to their formicary. The ant sample was processed as described by Bai et al. [13] and placed on a plate of sodium succinate-asparagine agar (asparagines 0. 2 Extraction of chromosomal DNA and PCR amplification of the 16S rRNA gene sequence were carried out according to the procedures developed by Kim et al. [15] . The PCR product was purified and cloned into the vector pMD19-T (Takara) and sequenced using an Applied Biosystems DNA sequencer (model 3730XL). The almost full-length 16S rRNA gene sequence of strain 1H-SSA4 T (1521 bp) was obtained and aligned with multiple sequences obtained from the GenBank/EMBL/DDBJ databases using CLUSTAL X 1.83 software. Phylogenetic trees were reconstructed with the neighbour-joining [16] , maximum-likelihood [17] and maximum-parsimony [18] algorithms using Molecular Evolutionary Genetics Analysis (MEGA) software version 7.0 [19] . The stability of the topology of the phylogenetic tree was assessed using the bootstrap method with 1000 repetitions [20] . Phylogenetic distances were calculated with the Kimura two-parameter model for the neighbour-joining method and General Time Reversible model with Invariant sites (GTR+G+I) for the maximum-likelihood method [21, 22] . In addition, a heuristic search was performed using nearest neighbour interchange branch swapping in maximum-likelihood inference. All positions containing gaps and missing data were eliminated from the dataset (complete deletion option). The 16S rRNA gene sequence similarities between strains were calculated on the basis of pairwise alignment using the EzBiocloud server [23] .
Identification using the EzTaxon-e server revealed that strain 1H-SSA4 T belonged to the genus Streptomyces with the highest 16S rRNA gene sequence similarity to Streptomyces hygroscopicus subsp. ossamyceticus NBRC 13983 T (98.9 %). Phylogenetic analysis based on the 16S rRNA gene sequences indicated that the isolate clustered with this species, Streptomyces torulosus LMG 20305 T (98.8 %), Streptomyces ipomoeae NBRC 13050 T (98.5 %) and Streptomyces decoyicus NRRL 2666 T (98.4 %) in the neighbour-joining tree (Fig. 1) . The tree topology in this region was also supported by the maximum-likelihood (Fig. S1 , available in the online version of this article) and maximum-parsimony algorithms (Fig. S2) . Thus, the isolate was most closely related to the above-mentioned strains. They were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) for comparative analysis.
Morphological characteristics were observed by light microscopy (Nikon ECLIPSE E200) and scanning electron microscopy (Hitachi S-3400N) using cultures grown on ISP 3 agar at 28 C for 20 days. Samples for scanning electron microscopy were prepared as described by Guan et al. [24] . Spore motility was assessed by light microscopic (Nikon ECLIPSE E200) observation of cells suspended in phosphate buffer (pH 7.0, 1 mM). Cultural characteristics were determined on tryptone-yeast extract agar (ISP 1), yeast extractmalt extract agar (ISP 2), ISP 3, inorganic salt-starch agar (ISP 4), glycerol-asparagine agar (ISP 5), peptone-yeast extract iron agar (ISP 6), tyrosine agar (ISP 7), nutrient agar (NA), Bennett's agar (BA) and Czapek's agar (CA) [14, [25] [26] [27] after 3 weeks at 28 C. Colour determination was made with colour chips from the ISCC-NBS colour charts standard samples No. 2106 [28] . Growth at different temperatures (10, 15, 18, 20, 28, 30, 35, 38, 40 and 45 C) was determined on ISP 3 agar after incubation for 2 weeks. The pH range for growth (pH 5.0-11.0, at intervals of 1.0 pH unit) was tested in GY broth [29] using the buffer system described by Xu et al. [30] , and NaCl tolerance was determined in GY broth supplemented with 0-12 % (w/v) NaCl (with an interval of 1 %, w/v) at 28 C for 2 weeks on a rotary shaker. Production of catalase and urease were tested as described by Smibert and Krieg [31] . The utilization of sole carbon and nitrogen sources (0.5 %, w/v), decomposition of cellulose, hydrolysis of starch and aesculin, reduction of nitrate, peptonization of milk, liquefaction of gelatin and production of H 2 S were examined as described previously [32, 33] .
Morphological observation of 20 day cultures of strain 1H-SSA4
T grown on ISP 3 medium revealed that it had the typical characteristics of members of the genus Streptomyces [34] . Strain 1H-SSA4
T formed well-developed substrate mycelium and aerial hyphae that differentiated into spiral spore chains consisting of 16-28 cylindrical spores which were smooth and non-motile (Fig. 2) . The diameter of substrate hyphae was 0.35 µm and spores were 0.8-1.0Â0.5 µm in size. Good growth was observed on ISP 2, ISP 3, ISP 6, TSA and BA media, moderate growth on ISP 1, ISP 5 and CA media, but poor growth on ISP 4 and ISP 7 media. The colour of aerial mycelium varied from white to pinkish white, and that of the substrate mycelium varied from light yellow to greyish yellow. No diffusible pigments or melanin were observed on any of the tested media. The cultural characteristics and significant colour variations of aerial and substrate mycelium on different media are listed in Table 1 , which reveals some morphological differences between the isolate and its closely related strains. Strain 1H-SSA4 T grew at a temperature range of C (optimum temperature 28 C) but not at 45 C, which distinguished it from S. decoyicus DSM 41427 T and S. torulosus DSM 40894 T . Growth occured at pH values between 6 and 9, but not at pH 10, which distinguished it from S. decoyicus DSM 41427 T , S. hygroscopicus subsp. ossamyceticus DSM 40824 T and S. torulosus DSM 40894 T . The utilization of L-rhamnose, D-sorbitol and glycine, and hydrolysis of Tween 80 could be used to distinguish it from S. ipomoeae DSM 40383 T . The isolate was able to utilize raffinose, while the closely related strains could not. Other physiological and biochemical characteristics of strain 1H-SSA4
T compared with its closely related strains are listed in Table 1 .
Biomass for chemotaxonomic studies was prepared by growing the strain in GY broth for 7 days in shake flasks (250 r.p.m.) at 28 C; cells were harvested by centrifugation, washed twice with distilled water, re-centrifuged and freeze-dried. The isomers of diaminopimelic acid (DAP) in the cell wall were derivatized according to McKerrow et al. [35] and analysed by an HPLC method using an Agilent TC-C18 column (250Â4.6 mm, i.d. 5 µm). The whole-cell sugars were analysed according to the procedures developed by Lechevalier and Lechevalier [36] . Phospholipids in cells were extracted and identified by the method of Minnikin et al. [37] . Menaquinones were extracted from freeze-dried biomass and purified according to Collins [38] and were analysed by an HPLC-UV method [39] . To determine cellular fatty acid compositions, strain 1H-SSA4
T was cultivated in tryptone soy broth (TSB) for 7 days in shake flasks at 28 C. Fatty acid methyl esters were extracted from the biomass as described by Gao et al. [40] and analysed by GC-MS using the method of Xiang et al. [41] .
Chemotaxonomic analyses revealed that strain 1H-SSA4 T exhibited characteristics which are typical of members of the genus Streptomyces. It contained LL-DAP as the cell-wall diamino acid and whole-cell sugars included glucose and ribose. The phospholipid profile consisted of diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylinositol (phospholipid type II) [42] (Fig. S3) . The menaquinones detected were MK-9(H 6 ) (48.1 %), MK-9(H 8 ) (43.6 %) and MK-9(H 4 ) (8.3 %). The major cellular fatty acids were iso-C 16 : 0 (46.2 %) and C 16 : 0 (13.4 %); minor amounts of C 16 : 1 !7с (7.8 %), anteiso-C 15 : 0 (6.8 %), iso-C 14 : 0 (6.0 %), anteiso-C 17 : 0 (5.9 %), C 18 : 0 (4.4 %) C 17 : 0 cyclo (3.9 %), C 17 : 1 !7с (2.6 %), C 15 : 0 (1.7 %) and C 17 : 0 (1.3 %) were also present.
DNA-DNA relatedness tests were carried out as described by De Ley et al. [43] with the modifications described by Huss et al. [44] , using a model Cary 100 Bio UV/VIS spectrophotometer equipped with a Peltier-thermostatted 6Â6 multicell changer and a temperature controller with in situ temperature probe (Varian). The concentration and purity of DNA samples used for hybridization were diluted to an 
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Kitasatospora setae JCM 3304 T (U93332) OD 260 of about 1.0 using 0.1Â SSC (saline sodium citrate buffer), then sheared using a JY92-II ultrasonic cell disruptor (ultrasonic time 3 s, interval time 4 s, 90 times). The DNA renaturation rates were determined in 2Â SSC at 70 C. The experiments were performed with three replications and the DNA-DNA relatedness value was expressed as a mean value.
The DNA-DNA reassociation values between the new isolate and S. decoyicus DSM 41427 T , S. ipomoeae DSM 40383 T , S. hygroscopicus subsp. ossamyceticus DSM 40824 T and S. torulosus DSM 40894 T were 51.2±0.5, 51.7±0.3, 60.6 ±0.6 and 53.5±0.7 %, respectively, which are well below the 70 % cut-off point recommended for assigning bacterial strains to the same genomic species [45] .
Genomic DNA was extracted with the SDS method [46] . The harvested DNA was detected by agarose gel electrophoresis and quantified by Qubit. Whole-genome sequencing was performed on the Illumina HiSeq 2500-PE125 platform with MPS (massively parallel sequencing) Illumina technology. A-tailed, ligated to paired-end adaptors and PCR amplification with a 500 bp insert and a matepair library with an insert size of 5 kb were used for library construction at the Beijing Novogene Bioinformatics Technology. Illumina PCR adapter reads and low-quality reads from the paired-end and mate-pair library were filtered by a quality control step. All good-quality paired reads were assembled using SOAPdenovo (http://soap.genomics.org. cn/soapdenovo.html) into a number of scaffolds. The filter reads were then handled by the next step of gap-closing. The secondary metabolism gene clusters were analysed by antiSMASH [47] .
Sequencing of the genome produced an annotated genome size of approximately 11.4 Mbp (283 scaffolds). Genome sequencing showed the DNA G+C content of strain 1H-SSA4
T to be 70.0 mol%. This draft genome sequence has been deposited at the GenBank/EMBL/DDBJ under accession number CP022161. The genome contains one linear chromosome with six rRNA operons, 71 tRNA genes and 9824 protein-coding genes (CDSs). Sequence analyses with antiSMASH showed the presence of 40 gene clusters potentially involved in the biosynthesis of secondary metabolites. Nine of these clusters were identified as containing gene sequences belonging to the type I (six clusters), II (two clusters) and III (one cluster) family of polyketide synthases (PKS). Likewise, genome sequence analysis detected seven additional gene clusters comprising modular enzymecoding genes such as non-ribosomal peptide synthetase (NRPS, three clusters) and hybrid PKSI-NRPS genes (four clusters). Other products from these gene clusters included seven terpenes and one butyrolactone, as well as compounds with a peptidic backbone such as three siderophores, one lantipeptide and one ectoine.
The Genome-to-Genome Distance Calculator (GGDC 2.1; http://ggdc.dsmz.de; [48] ) was used to calculate all digital DNA-DNA hybridization (dDDH) values between the genome of the isolate and S. decoyicus NRRL 2666 T , S. ipomoeae NBRC 13050 T , S. hygroscopicus subsp. ossamyceticus NBRC 13983
T and S. torulosus LMG 20305 T . The resulting dDDH values were 16.4-22.0, 34.6-37.0, 32.1-34.7 and 32.6-35.7 %, respectively, and were thus clearly below the 70 % species delineation threshold [45] .
Strain 1H-SSA4
T was cultivated in a 250 ml flask containing 50 ml of seed medium (typtone 1.7 %, NaCl 0.5 %, enzymatic digest of soybean meal 0.3 %, dextrose 0.25 %, anhydrous potassium dihydrogen phosphate 0.25 %, pH 7.0) and incubated at 28 C for 48 h, with shaking at 200 r.p.m. Then, 12.5 ml of the culture was transferred into a 1 litre Erlenmeyer flask containing 250 ml of the fermentation medium (soluble starch 1 %, dextrose 1 %, glycerinum 1 %, tryptone 0.5 %, yeast extract 0.5 %, pH 7.0). The total fermentation volume was 30 litres. Fermentation was carried out at 28 C for 7 days on a rotary shaker at 200 r.p.m. The final 30 litres of fermentation broth was extracted with EtOAc at room temperature. The extracts were concentrated to remove organic solvent, the EtOAc layer (4.5 g) was divided into six fractions via silica gel (100-200 mesh) eluting with petroleum ether/EtOAc (20 : 1, 10 : 1, 5 : 1, 3 : 1, 2 : 1 and 1 : 1), and after being chromatographed on a Sephadex LH-20 column (MeOH), compounds were further separated by semipreparative HPLC. The isolated secondary metabolites were then identified by NMR. NMR spectra were recorded in CdCl 3 using a Bruker AVANCE III-600 spectrometer, and tetramethyl silane (TMS) was used as internal standard.
Three compounds were isolated. Based on comparisons with published NMR data, compouds 1 and 2 were identical to known angucyclinone antibiotics 8-O-methyltetrangulol (Fig. S4 ) and 8-O-methyltetrangomycin (Fig. S5) , respectively, which both exhibited potent inhibition activities against bacteria and cancer cells [49, 50] ; compoud 3 was identical to the known angucyclinone antibiotic fugianmycin B (Fig. S6) , which had weak antimicrobial activity [51, 52]. Compounds 1 and 2 were previously isolated from the cultivation broth of Streptomyces sp. AC113 and Streptomyces sp. W007 [49, 50] , while compound 3 was isolated from Streptomyces sp. SNA-8073 [52] . According to antiSMASH analysis results, a gene cluster consisting of scaffold 3 had 70 % of genes showing similarity with the biosynthesis gene cluster of the angucyclinone antibiotic kiamycin [49] , which implies that strain 1H-SSA4 T has potential to produce angucyclinone antibiotic analogues.
In conclusion, it is evident from the genotypic and phenotypic data that strain 1H-SSA4
T represents a novel species of the genus Streptomyces, for which the name Streptomyces capitiformicae sp. nov. is proposed.
DESCRIPTION OF STREPTOMYCES CAPITIFORMICAE SP. NOV.
Streptomyces capitiformicae (ca.pi.ti.for.mi¢cae. L. neut. n. caput head; L. fem. n. formica an ant; N.L. gen. n. capitiformicae of the head of an ant).
This species represents an aerobic, Gram-stain-positive, non-motile, oleaginous actinomycete, with an extensively branched substrate mycelium. Spore chains are spiral, spores are cylindrical and spore surfaces are smooth. The diameter of substrate hyphae is 0.35 µm and spores are 0.8-1.0Â0.5 µm in size. Good growth occurs on ISP 2, ISP 3, ISP 6, TSA and BA, moderate growth on ISP 1, ISP 5 and CA, 
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